Aniline-induced splenic toxicity is characterized by hemorrhage, capsular hyperplasia, fibrosis, and a variety of sarcomas in rats. Early biochemical events responsible for the observed effects are not known. To understand the mechanism(s) of aniline-induced splenic toxicity, single and multiple (four and seven) doses of 1 mmol/kg of aniline hydrochloride(AH) were given in rats. Apart from changes in the hematological parameters, these studies demonstrated that AH could induce lipid peroxidation and protein oxidation in the spleen, and significant increases were observed at four doses. Subsequently, a dose-response study of AH was performed. Male SD rats were given four doses each (one dose/ day) of 0.25, 0.5, 1, and 2 mmol/kg of AH in water by gavage, while controls received water only. Animals were euthanized 24 hr following the last dose and tissues obtained. Spleen weight increased by 32 and 80% at 1 and 2 mmol/kg doses, respectively. Splenic lipid peroxidation showed dose-dependent increases of 24, 32, and 43% at 0.5, 1, and 2 mmol/kg, respectively. Protein oxidation in the spleen, quantitated by carbonyl content per milligram protein, showed 10, 28, and 27% increases at 0.5, 1, and 2 mmol/ kg, respectively. Iron content in the spleen also showed dose-dependent increases of 72, 172, and 325% at 0.5, 1, and 2 mmol/kg, respectively. Dose-related histopathologic expansion of splenic red pulp was characterized by increasing vascular congestion (most pronounced at 2 mmol/kg), increased red pulp cellularity, erythrophagocytosis, and cellular fragmentation at 1 and 2 mmol/kg; iron deposition in red pulp also increased dramatically with dose. These studies establish that aniline induces lipid peroxidation and protein oxidation in the spleen and suggest that oxidative stress plays a role in the splenic toxicity of aniline, e 1997 society of Toxicology.
binemia, hemolysis, and hemolytic anemia (Harrison and Jollow, 1986; Kim and Carlson, 1986; Khan et al., 1993 Khan et al., , 1995a and by the development of splenic hyperplasia, siderosis, fibrosis, a variety of sarcomas, and, most commonly, fibrosarcomas on prolonged exposure (Goodman et al., 1984; Weinberger et al., 1985; Bus and Popp, 1987; Khan et al., 1993) . Many of the characteristics of splenotoxicity in rats, such as hyperplasia, hyperpigmentation, and/or formation of highly malignant tumors such as fibrosarcomas, are not restricted to aniline exposure, but also occur when animals are exposed to substituted anilines such as chloroaniline (Ward et al., 1980; Chhabra et al., 1990) , p-nitroaniline (Nair et ai, 1990) , o-toluidine (Goodman et al., 1984) , 4,4'-sulfonyldianiline (Goodman et al., 1984) , D&C red dye No. 9 (Weinberger et al., 1985) , and substituted phenylurea herbicides (Wang et al., 1993) . While a number of studies have focused on how the anilines cause erythrocyte damage, little attention has been paid to the understanding of its unusual and selective toxicity to the spleen.
Our studies with aniline hydrochloride in rats (Khan et al., 1993) and information in the literature (Bus and Popp, 1987) indicate an association between erythrocyte damage and the severity of the splenotoxicity. Since one of the major functions of the spleen is to remove damaged erythrocytes, aniline-damaged erythrocytes would be expected to be scavenged by the spleen, especially by phagocytes. The deposition and subsequent breakdown of damaged erythrocytes will not only release aniline and/or its metabolites, but, most importantly, will also result in accumulation of iron in the spleen (Khan et al., 1993 (Khan et al., , 1995a which may catalyze the generation of tissue-damaging oxygen radicals which can subsequently cause oxidation of biomolecules and result in lipid peroxidation and protein oxidation. It is also possible that during the scavenging of damaged erythrocytes, the splenic phagocytes, especially macrophages themselves, can become activated and release reactive oxygen species (ROS) which could further contribute to the oxidation of biomolecules leading to tissue injury. Therefore, the focus of this study is to understand the initial toxic events in the spleen, i.e., the possible involvement of oxidative stress as a result of aniline exposure in rats. 
METHODS
Animals and treatments. Male Sprague-Dawley rats (~200 g), obtained from Harlan Sprague-Dawley, Inc. (Indianapolis, IN), were housed in wire-bottom cages over absorbent paper with free access to tap water and Purina lab chow and maintained in a controlled environment animal room (temperature, 22°C; relative humidity, 50%; photoperiod, 12-hr light/ dark cycle) for 7 days prior to the treatments.
Single and repeated dose studies. The experimental rats, in groups of five each, were given single or repeated doses (one, four, or seven doses, 1 dose/day) of 1 mmol/kg of aniline hydrochloride (AH) in 0.5 ml of drinking water by gavage. Control animals received water only.
Dose-response studies. Animals in groups of five rats each received four doses each (one dose/day) of 0.25, 0.5, 1, and 2 mmol/kg of AH in a final volume of 0.5 ml of drinking water by gavage. Animals receiving only water served as controls.
The animals in both experiments were euthanized 24 hr following the last dose. The animals were anesthetized with ether and blood (5-6 ml) was withdrawn from the inferior vena cava. An aliquot of blood was quickly transferred to tubes containing EDTA for hematological analysis, while the remaining blood was processed to obtain serum. All major organs (heart, liver, spleen, kidney, thymus, testes, and pancreas) were removed immediately, blotted, and weighed.
Blood analysis. Blood erythrocyte (RBC) count, hemoglobin, hematocrit (HCT). platelets, white blood cell count (WBC). and leukocyte differential counts were determined on a STKS Coulter Counter (Coulter Electronics, Inc., Hialeah, FL) at the Hematology Laboratory, University of Texas Medical Branch. Methemoglobin (MetHb) in the blood samples was determined according to the procedure of Betke et al. (1962) Lipid peroxidation. Lipid peroxidation in the spleen homogenates of control and aniline-treated rats was determined according to the method of Ohkawa et al. (1979) by measuring the formation of thiobarbituric acidreactive substances (TBARS) and using 1,1,3,3-tetramethoxypropane as standard. The protein estimation in the spleen homogenates was done according to Lowry et al (1951) . The lipid peroxidation results are expressed as nanomoles MDA per milligram protein.
Protein oxidation. Protein oxidation was measured by reducing carbonyl groups in oxidatively modified proteins by reduction with tritiated sodium borohydride (NaB 3 H 4 ) as described by Lenz et al. (1989) , with slight modifications. Briefly, a 2.5% homogenate of the spleen tissues was prepared in 0.1 M Tris-HCl/1 mM EDTA buffer (pH 8.5) and centrifuged at 4000 rpm for 10 min at 4°C. The supernatant was incubated with streptomycin sulfate (final concentration 1%) for 15 min at room temperature (to remove the nucleic acid fraction) and centrifuged at 4000 rpm for 10 min. To 80 /zl of supernatant, 20 /zl 0.1 M NaB 3 H 4 in 0.1 M NaOH (specific activity, 100 mci/mmol) was added. After incubation for 30 min at 37°C, the protein was precipitated by addition of 100 p\ 20% trichloroacetic acid (TCA) and centrifuged for 3 min at 11,000 rpm. The pellet was washed thrice with 10% TCA and finally dissolved in 0.1 M NaOH. The radioactivity in an aliquot of the protein solution, mixed in Tru-Count scintillation fluid, was measured on a Packard Tn-Carb 1900 CA liquid scintillation analyzer. Protein was determined in an aliquot of NaOH fraction according to Lowry et al. (1951) .
Quantitation of splenic iron. Samples of spleen tissue from control and aniline-treated rats were digested with 50% hydrogen peroxide (Alcock, 1987) and evaporated to dryness. The residues were dissolved in a minimum volume of 2.5 N nitric acid (HNO 3 ), diluted in Millipore purified water to give a final concentration of 0 5 N nitric acid, and analyzed for iron by flame atomic absorption spectrophotometry (Perkin-Elmer Model 5100). Absorption was measured at 248.3 ran from a hollow cathode lamp. Calibration standards of 0-5 mg/hter iron were prepared in 0.5 N HNO 3 . The results are expressed as micrograms iron (Fe) per gram wet tissue.
Histology. A portion of each tissue (heart, lung, liver, spleen, kidney, testes, thymus, and pancreas) was fixed in 10% neutral-buffered formalin for standard histological processing. Paraffin sections were cut and stained with hematoxylin and eosin (H&E) for general morphological evaluation. Sections of the spleen were also stained with Perl's Prussian blue for iron Statistical analysis. Results are presented as means ± SD of five animals in each group. Statistical comparisons of the data for different groups were done by analysis of variance (ANOVA) and Student's test. The accepted level of significance was set at p < 0.05.
RESULTS

Single and Repeated Dose Studies
Animals given single and repeated doses of AH appeared healthy and body weight gain patterns were similar to controls (data not shown). Organ and organ-to-body weight changes were confined to spleen only (Table 1) . No difference was found between spleen weight in the animals given a single dose of AH and control, whereas animals given four and seven doses of 1 mmol/kg showed spleen weights 32 and 69% greater than control, respectively. The ratio of spleen-to-body weight showed a similar pattern and magnitude of difference. AH treatment in rats resulted in increased splenic lipid peroxidation and protein oxidation (Figs. 1 and 2, respectively). Lipid peroxidation, measured as MDA/mg protein, showed 45 and 26% increases at four and seven doses of 1 mmol/kg AH administration, respectively. No differences were observed in the single-dose treatment group. Similarly, splenic protein oxidation, measured in terms of nmol carbonyl/mg protein, showed significantly higher levels in both the four-and seven-dose AH-treated rats.
Splenic iron content (//g/g wet wt) is summarized in Fig.  3 . Iron content in rats given four and seven doses of AH increased by 149 and 191%, respectively, whereas no differences were observed in the single-dose treatment group. These differences in the iron content were rather expected and consistent with our earlier observations (Khan et al., 1995a,b) .
Dose-Response Studies
Results of administration of single and multiple doses of 1 mmol/kg AH demonstrated significant splenotoxic effects at four and seven doses. However, the splenotoxic potential of four doses of AH, especially in terms of changes in protein and lipid peroxidation, was comparable to the changes induced by seven doses of AH; hence, we selected four doses each of 0.25, 0.5, 1.0, and 2.0 mmol/kg AH for the doseresponse studies.
Spleen weight differences in our dose-response studies showed significant increases of 32 and 80% only at 1 and 2 mmol/kg, respectively ( Table 2 ). The ratio of spleen-tobody weight followed the pattern of absolute weight changes with increases of 38 and 93% at 1 and 2 mmol/kg AH, respectively (Table 2 ). Since erythrocytes are early targets of aniline insult (Bus and Popp, 1987; Khan et al., 1993 Khan et al., , 1995a , hematological differences in the animals given AH were also observed ( Table 3 ). The hematological changes were confined only to 1 and 2 mmol/kg AH-treated groups. Hemoglobin content was 7 and 13% lower than control and HCT was 5 and 9% lower than control at 1 and 2 mmol/kg AH, respectively. RBC were 12% lower and WBC counts 50% greater than control at 2 mmol/kg (Table 3) . Among other blood parameters, methemoglobin showed significant increase at 2 mmol/kg (data not shown).
As observed earlier, consistent lipid peroxidation in the spleen of the aniline-treated rats was found in our doseresponse studies (Fig. 4) . Administration of AH resulted in greater levels of lipid peroxidation, which were 24, 32, and 44% higher, at 0.5, 1, and 2 mmol/kg AH, respectively. However, no difference was observed in the 0.25 mmol/kg treatment group. Protein oxidation in the spleens of the animals given various doses of AH also was greater than control, with maximum 29% greater in the 1 mmol/kg treatment group (Fig. 5) . The increases in the 1 and 2 mmol/kg groups were of similar order. Further, a dose-dependent increase in the splenic iron content was also observed (72, 172. and 325% at 0.5, 1, and 2 mmol/kg, respectively; Fig. 6 ). No difference in the iron content was observed in the 0.25 mmol/ kg treatment group.
Histopathological Lesions
Histopathology was confined to the spleen; all other organs were histologically normal. As evident from Figs. 7 and 8, dose-related histopathologic expansion of splenic red pulp was characterized by prominent vascular congestion (most pronounced at 2 mmol/kg), increased red pulp cellularity, and cellular fragmentation at 1 and 2 mmol/kg of AH treatment when compared to control. Expansion of red pulp (Fig. 7) was evident beginning at the 0.5 mmol/kg dose. These changes were closely associated with dramatic increases in deposition of iron in the red pulp of spleen (assessed in Prussian blue stains) in a dose-dependent manner; i.e., stainable iron was not perceptibly increased at 0.25 or 0.5 mmol/kg but was increased at 1.0 and dramatically increased at 2.0 mmol/kg (Fig. 8) . In iron stains, iron appeared to be contained within parenchymal macrophages. Phagocytosis of red blood cells (erythrophagocytosis) was also evident in marcophages (Fig. 8) . No histopathologic changes were observed at 0.25 mmol/kg of AH treatment.
DISCUSSION
Aniline and several substituted anilines are known to cause splenic toxicity in rats (Bus and Popp, 1987) . There is a clear need to understand the mechanism(s) responsible for this organ-selective toxicity. It is generally thought that initial compound-induced damage to erythrocytes results in their scavenging by the spleen (Gralla et al., 1979; Bus and Popp, 1987; Khan et al., 1993 Khan et al., , 1995a which subsequently would initiate a series of toxic events in the spleen. These events potentially include specific accumulation of aniline or its metabolite(s), deposition of erythrocyte debris resulting in vascular congestion, induction of splenic hyperplasia as a result of erythrocyte overload, and most importantly, release of iron which may catalyze tissue-damaging free-radical reactions in the spleen (Bus and Popp, 1987; Khan et al., 1993 Khan et al., , 1995a . These early events could form the basis for initial toxic injury leading to the development of splenic tumors as observed in chronically exposed animals. The data of the present study clearly emphasize the importance of these events and present evidence that aniline treatment leads to oxidative stress in rats in a dose-and time-dependent manner.
The changes observed in the blood parameters were rather expected and consistent with those of earlier studies on aniline and its derivatives (Bus and Popp, 1987; Khan et al., 1993 Khan et al., , 1995a . These changes in the blood parameters were closely associated with simultaneous enlargements in the spleen in a time-and dose-dependent manner; splenomegaly appears to be due to excessive deposition of chemically damaged erythrocytes (Gralla et al., 1979; Khan et al., 1993 Khan et al., , 1995a . This deposition would also increase aniline and/or its metabolites in the red pulp of spleen which on subsequent breakdown from damaged erythrocytes could bind with splenic mesenchymal tissues, causing injury and/or deleterious effects.
The most remarkable findings of this study were increases in the oxidation of splenic lipids and proteins in the AHtreated rats. To our knowledge, this is the first study to investigate the aniline-mediated oxidative damages in the spleen. Interestingly, increases in lipid peroxidation and protein oxidation have also been demonstrated to play significant roles in diquat toxicity in rats (Rikans and Cai, 1993) . However, the mechanisms by which these processes are initiated and/or propagated are complex issues and need to be thoroughly investigated. The increases in the aniline-induced splenic lipid peroxidation and protein oxidation are consistent and closely associated with the accumulation of iron in the spleen. We suspect that the iron deposition in the spleen may result in the formation of ROS (Halliwell and Gutteridge, 1986; Minotti, 1992) which can react with and damage proteins, nucleic acids, and lipids, particularly the fatty acid component of membrane phospholipids leading to cellular dysfunction.
Free radical-mediated oxidative damage has been thoroughly reviewed (Kehrer, 1993; Gutteridge, 1995) . Although our studies do show aniline-induced lipid peroxidation, it would be premature to speculate whether lipid peroxidation initiates aniline-induced cellular injury or precedes the cell death because membrane lipids become more susceptible to peroxidation after cell death (Kehrer, 1993) . The process of lipid peroxidation could lead to numerous cytotoxic degradation products including malonaldehyde (MDA) and unsaturated aldehydes such as 4-hydroxy-2-nonenal (4-HNE) (Esterbauer et al., 1991) that are implicated in mutagenesis, tumorigenesis, and initiation and promotion of carcinogenesis (Ames, 1983; Cerutti, 1985; Comporti, 1985) . The reactivity of MDA with proteins has been known for many years, and it has been shown that peroxidative stress leads to increased formation and degradation of MDA-modified proteins (Mahmoodi et al., 1995) . MDA binds to DNA and is mutagenic and therefore may initiate tumor formation (Stone et al., 1990) . Likewise, 4-HNE is also very reactive with proteins, forms stable Michael adducts, and is thought to be largely responsible for cytopathological effects observed during oxidative stress (Uchida et al., 1995) . However, the identification and role of 4-HNE in aniline-induced splenic toxicity remain to be elucidated. FIG. 7 . Histopathology of spleen: Light micrograph of control spleen (A) shows normal splenic architecture consisting of areas of white pulp (W), including germinal center and surrounding, lighter marginal zone, and red pulp (area between arrows). In rat given 2.0 mmol/kg AH (B) the areas of white pulp (W) are greatly separated by marked expansion of the red pulp: within expanded red pulp (right of arrows) there is extensive vascular and cellular congestion, cell fragmentation, and markedly increased vascularity. Both photomicrographs are originally X125; H&E stain.
Another impact of iron-overloading as a result of increased deposition of iron-containing proteins such as hemosiderin and ferritin could be a potential source of free iron in the spleen which could accelerate the iron-mediated protein oxidation or degradation observed in our studies. Attack of ROS on proteins can damage several amino acid residues w w 29 including histidine, tryptophan, cysteine, proline, methionine, arginine, and lysine (Stadtman, 1990; Stadtman and Oliver, 1991) leading to carbonyl products. Indeed, the measurement of protein carbonyl has been used as a sensitive indicator of oxidative damage to proteins (Murphy and Kehrer, 1989; Stadtman, 1990; Stadtman et al., 1991) . It has also been shown that the oxidatively modified proteins become more sensitive to proteolytic degradation as compared to native proteins (Fulks and Stadtman, 1985; Davies, 1987; Stadtman, 1992) . Thus, it would appear that anilineinduced protein oxidation in the spleen, even though smaller in magnitude, could be a significant step in causing changes in the normal functions of the spleen. It would also be interesting to determine the intracellular localization of the protein carbonyls that occur in splenocytes upon exposure to aniline. Also, whether protein oxidation precedes lipid peroxidation in vivo remains an unanswered question. In this regard, it has been suggested that damage to proteins and DNA may often be more important than damage to lipids in oxidative stress in vivo (Davies, 1987; Murphy and Kehrer, 1989; Stadtman and Oliver, 1991) . The morphological changes in the AH-treated rat spleens included a dose-dependent vascular congestion, increased red pulp cellularity, and cellular fragmentation. These changes were closely associated with dramatically increased iron deposition in the red pulp of the spleen. The vascular congestion and marked iron deposition in the spleens with the progression of AH exposure is consistent with scavenging of damaged red blood cells in the red pulp. This, in conjunction with the accumulation of aniline metabolites within the spleen, could lead to the transformation of mesenchymal cells of the spleen (Bus and Popp, 1987) . We have consistently demonstrated an association between increased iron deposition and development of fibrotic lesions in the aniline-treated rats (Khan et al., 1993 (Khan et al., , 1995b ) presumably due to iron-mediated production of ROS which might act as a stimulus for increased collagen production in splenic tissue, leading to fibrosis. This assumption is supported by observations of Chojkier et al. (1989) , who found an increase in collagen gene transcription and collagen production when cultured human fibroblasts were subjected to iron-induced lipid peroxidation or exposed to malonaldehyde. The increased red pulp cellularity of the spleen noted here was most likely due to scavenging of damaged RBCs by macrophages with consequent sinusoidal dilation and fibrosis that may also play a role in the aniline-induced splenic injury. It is possible that during scavenging of damaged erythrocytes, the phagocytes, especially the macrophages, themselves get activated, and thus lead to an increased production of superoxide radical and H 2 O 2 within the cells. H 2 O 2 and superoxide radical either may be damaging directly or could lead to the formation of highly reactive species, such as hydroxyl radical and ferryl cation, which result in the observed injury.
Our studies thus demonstrate that lipid peroxidation and protein oxidation are at least two important early biochemical events in AH-induced splenic toxicity. It is also apparent that iron may play a significant role as a mediator of AHinduced splenotoxicity. Tissue iron is not, however, the only factor that may govern susceptibility to oxidation. Other factors such as interaction of aniline metabolites with cell constituents, vascular congestion due to aniline-laden erythrocytes, and the role of activated splenic phagocytes, especially macrophages, cannot be ignored. A panoramic view of various scenarios leading to toxicity of aniline is presented in Fig. 9 . In this paper, we have presented evidence that oxidative stress indeed occurs. However, the other possible pathways need to be elucidated before any conclusion can be drawn regarding their individual contribution to the splenic toxicity of aniline. FIG. 8 . Iron stained histopathology of spleen. Light micrograph of control spleen (A) shows normal white pulp (w) and red pulp with no appreciable staining for iron. Expansion of red pulp is first morphologically evident in rat given 1.0 mmol/kg AH (B) and iron increase limited to red pulp is evident. At the higher dose of 2.0 mmol/kg (C) iron increase in red pulp is massive. Higher power of red pulp (D) shows marked vascular congestion evidenced by numerous red blood cells, marked iron deposition within numerous macrophages, and red blood cells within iron-stained macrophages (arrows); the latter finding is known as erythrophagocytosis. A, B, and C are X125; D is X500; Prussian blue stain.
